The rotational spectrum of silyl isocyanide (SiH 3 NC), an isomer of the well studied silyl cyanide (SiH 3 CN), has been detected in the laboratory in a supersonic molecular beam, and the identification was 
INTRODUCTION
A long standing question in molecular astronomy is how silicon carbide (SiC) dust is formed in carbonrich asymptotic giant branch (AGB) stars (Cherchneff 2012; Yasuda & Kozasa 2012) . Following its detection, the broad unresolved absorption band at 11.3 µm attributed to solid SiC (Hackwell 1972; Treffers & Cohen 1974) has become a principal spectroscopic feature for studying the evolution of dust shells in carbon stars (see Speck et al. 2005 , and references therein). Interferometric measurements of the 11.3 µm band determined that the "dust forming region" is about five stellar radii (5R or 0.150 ) from the central star in the prototypical source IRC+10216 (Monnier et al. 2000) .
Radio astronomers extended the initial work on SiC in the IR by observing seven organosilanes in IRC+10216. Beginning in 1984, four silicon carbides SiC, SiCC, c-SiC 3 , and SiC 4 (for a summary see McCarthy et al. 2003 , and references therein); the cyanide/isocyanide pair SiCN and SiNC; and the disilicon carbide SiCSi were identified in the radio band with single antennas. Most organosilanes were shown to be present in the outer molecular envelope at a radius of about 15 from the central star. But owing to the development in the past few years of ground based millimeter-wave interferometers with increased angular resolution and spectral bandwidths, it is now feasible to study the inner dust forming region of IRC+10216 where much less is known about the chemical composition than the well-studied outer molecular envelope.
Observations with ALMA confirmed earlier indirect evidence that SiCC is also present in the inner region; 1 two diatomic silicon bearing species are present in the inner envelope (SiS and SiO: Bieging et al. 2000; Bieging 2001; Prieto et al. 2015) ; and there is indirect evidence from single antenna observations that SiCSi is also present in the warmer inner region as well as the outer envelope (Cernicharo et al. 2015) .
To date spectral line observations in the radio band and infrared and supporting chemical models have failed to establish the phyiscochemical mechanism(s) of formation of solid silicon carbide in the dust formation zone, because most chemical reactions involving small silicon bearing molecules have not been (2014) has introduced a new level of chemical complexity in the inner region of this well-studied carbon rich AGB star. Cernicharo et al. (2017) estimated that the CH 3 SiH 3 emission extends from 40R to at or near the outer envelope at 600R , and a similar extent was found for SiH 3 CN. Detection of CH 3 SiH 3 and SiH 3 CN suggest that other silicon bearing species of comparable size, such as SiH 3 NC (the isocyanide isomer of SiH 3 CN), might be within reach in the laboratory and in IRC+101216.
In this paper we report the laboratory measurements of the rotational spectrum of SiH 3 NC (silyl isocyanide). While there have been several studies dedicated to the rotational spectrum of SiH 3 CN, the rotational spectrum of SiH 3 NC had not been measured prior to this work although it had been observed by low resolution IR matrix spectroscopy Maier et al. (1998) . Our laboratory measurements of SiH 3 NC were guided by ab initio calculations which provided initial estimates of the rotational and hyperfine constants (Section 2), and the identification of the new species was confirmed by isotopic substitution. With our measured spectroscopic constants of SiH 3 NC in hand, the rotational transitions of principal interest to radio astronomers can be calculated with sufficient accuracy to allow a deep search in IRC+10216 in the millimeter band. SiH 3 NC is an excellent candidate for astronomical detection because the dipole moment and rotational partition function of SiH 3 NC and SiH 3 CN are very similar, and prior observations of SiCN and SiNC in IRC+10216 and the same laboratory source in which SiH 3 NC is observed. The minimum energy structures of both isomers are closed-shell, prolate symmetric tops with C 3V symmetry. By comparing the quantum chemical calculations on SiH 3 CN with experimental spectroscopic constants, we determined an expected accuracy for subsequent predictions of SiH 3 NC. These results can be found in the Supporting Information (Table 6 ). The inclusion of additional basis shells and core-valence functions act to increase the rotational constants B e . The best agreement (0.03%) with experiment was achieved at the CCSD(T)/cc-pwCVQZ level. Without the weighted core-valence functions (i.e. cc-pVQZ basis), the disparity between B e and B 0 increases by an order of magnitude. Comparisons of the ab initio dipole and nitrogen quadrupole moment with the values determined by Priem et al. (1998) suggest that a good agreement is reached with quadrupole-ζ quality basis, regardless of core-valence functions.
The equilibrium properties of SiH 3 NC calculated with different basis sets are given in Table 1 (Table 1) is comparable to that of SiH 3 CN, which is known to be large from Stark measurements (3.44 D; Priem et al. 1998) . With the nitrogen atom located closer to the center-of-mass in SiH 3 NC, the quadrupole constant (eQq(N)=−0.91 MHz) is reduced by a factor of five relative to when the nitrogen atom is at the terminal position (SiH 3 CN, eQq(N) =−5.0440 MHz). Thus, we expect that the rotational spectrum of SiH 3 NC should be very similar to that of SiH 3 CN -an symmetric top with a-type transitions but with more compact hyperfine structure.
LABORATORY MEASUREMENTS
The Fourier-transform microwave (FTMW) cavity spectrometer used in this work is described in previous publications (McCarthy et al. 2000) . SiH 3 NC and SiH 3 CN were synthesized in situ using a mixture of SiH 4 (∼0.1%) and CH 3 CN (∼0.1%) heavily diluted in Ne. For detection of the rare isotopic species, either were unaffected by a small external permanent magnet, implying that the species has a closed-shell ground state. The lines required the presence of both SiH 4 and CH 3 CN, and were not observed when the electrical discharge was absent. Thus, the unknown species is almost certainly a closed-shell, silicon containing molecule with closely-spaced splittings characteristic of nitrogen quadrupole hyperfine structure. Subsequent searches revealed features at integer multiples of 11 386 GHz; i.e. at 22 774 and 34 161 MHz, as expected for SiH 3 NC. In all 19 transitions, with well-resolved hyperfine and K = 0 and 1 (albeit weak) structure, were ultimately observed. The K = 1 transitions were approximately three times weaker than the corresponding K = 0 lines, consistent with what is expected at a rotational temperature of 2 K -for this reason, no attempt was made to search for the J K = 3 2 − 2 2 transition near 34 GHz. A standard symmetric top Hamiltonian with one hyperfine nucleus was used to analyze the observed frequencies. The fitting was performed with the SPFIT suite of programs (Pickett 1991) . The assignments and model differences are summarized in Table 2 and the derived spectroscopic constants in Table 5 .
To remove any possible ambiguity that SiH 3 NC is the carrier of the observed lines, experiments with isotopically labelled CH 3 CN were subsequently performed. The optimized CCSD(T)/cc-pwCVQZ SiH 3 NC structure was used to predict the rotational constants B e , where the 12 C and 14 N atoms were replaced by their rare isotopes. An empirical scaling factor, determined by the ratio of the ab initio B e and the experimental B 0 for the normal species, was applied to the ab initio B e to predict the frequencies for these isotopologues. Because The derived spectroscopic constants are summarized in Si, 3%), although the sensitivity was not sufficient to detect either owing to their low fractional abundance.
We also estimated the relative abundances of SiH 3 CN and SiH 3 NC under similar experimental conditions by using the calculated CCSD(T)/cc-pwCVQZ dipole moment of SiH 3 NC and the experimental value for SiH 3 CN (3.44 D; Priem et al. 1998) , and on the assumption the rotational temperature (2 K) is the same for both species. By comparing the difference in relative line intensities of the same transition (J K = 1 0 − 0 0 , F = 2 − 1), we estimate that SiH 3 CN is approximately three times more abundant than SiH 3 NC in our discharge source.
DISCUSSION
The laboratory measurements and calculations provide overwhelming evidence that SiH 3 NC is the carrier of the lines shown in Figure 2 . The measured frequency of the triplet of lines in Figure 2 is within 0.1% of that calculated with the equilibrium rotational constants (B e + C e ) at the CCSD(T)/cc-pwCVQZ level of theory (Table 1 ). The relative intensities and frequency separations of the closely spaced triplet is characteristic of 14 N quadrupole hyperfine structure in the lowest rotational transition, and is the only triplet pattern observed in the 200 MHz wide search range. Assays confirmed that the carrier: (1) contains Si and N, (2) is a closed-shell molecule, and (3) is only observed when there is an electrical discharge through the stable precursor gases CH 3 CN and SiH 4 . The observed eQq(N) for SiH 3 NC is much smaller than that of SiH 3 CN, as expected when the nitrogen atom is near the center-of-mass rather than at the terminal position. The theoretical value of eQq(N) for SiH 3 NC agrees to better than 5% with the measured constant. The observed K rotational structure is that of a symmetric top with C 3v symmetry, and the frequency separation of the There are no apparent obstacles for detection of SiH 3 NC in IRC+10216: the dipole moments, rotational partition functions, and spectroscopic constants of SiH 3 NC and SiH 3 CN are similar. We did not extend the measurements of SiH 3 NC to higher frequency, instead the effect of neglecting high order centrifugal distortion terms was estimated by referring to SiH 3 CN which has been measured both in the centimeter and millimeter bands Priem et al. (1998) . We fit the four spectroscopic constants in the truncated Hamiltonian used to analyze SiH 3 NC (see Table 2 ) to the centimeter-wave measurements of SiH 3 CN alone, and com- actions in the gas phase between the reactive species and the abundant precursor CH 3 SiH 3 ; and (3) reactions on the substrate surface at temperatures near 600 − 700 K. Although the temperatures are comparable in the inner envelope and HWCVD, the gas density in HWCVD is 10 3 − 10 4 times higher than in the photosphere of the central star in IRC+10216 and 10 3 times higher still than the dust forming region (Agúndez et al.
2012
). Another source of uncertainty in the analogy with HWCVD is whether the gas phase reactions that occur in the inner envelope of the carbon star are the same as those in the laboratory reactor. Nevertheless it is striking that the gas phase precursor (CH 3 SiH 3 ), synthesized product (solid SiC), and temperatures are roughly the same in HWCVD and the inner envelope of IRC+10216.
Our laboratory detection of SiH 3 NC suggests that fragments of CH 3 SiH 3 , SiH 3 CN, and SiH 3 NC might be key reactive intermediates in the formation of solid SiC dust in circumstellar envelopes. The rotational spectra of most of these organosilane fragments have not been measured in the laboratory, although some have been observed trapped in cold matrices by low resolution IR spectroscopy. Kaiser & Osamura (2005) and Bennett et al. (2005) The integration time in each frequency window was three minutes at a repetition rate of 6 Hz. a Calculated with the spectroscopic constants from Table 5 . determined by Priem et al. (1998) .
b The basis set used to predict the SiH 3 NC equilibrium rotational constants.
